Adhesion between tiles and mortars are crucial to the stability of ceramic tile systems. From the chemical point of view, weak forces such as van der Waals forces and hydrophilic interactions are expected to be developed preferably at the tiles and polymer modified Portland cement mortar interface. The main goal of this paper was to use organosilanes as primers to modify ceramic tile hydrophilic properties to improve adhesion between ceramic tiles and polymer modified mortars. Glass tile surfaces were treated with several silane derivatives bearing specific functionalities. Contact angle measurements and Fourier Transform Infrared Spectroscopy (FTIR) were used for evaluating the chemical changes on the tile surface. In addition, pull-off tests were conducted to assess the effect on adhesion properties between tile and poly(ethylene-co-vinyl acetate), EVA, modified mortar. The bond strength results have clearly shown the improvement of adherence at the tile-polymer modified mortar interface, reflecting the overall balance of silane, cement and polymer interactions.
Introduction
In the construction industry, nanotechnology could potentially improve many building systems and explain some materials properties. Cement based materials are built up from the complex and complicated nanoscale structure of cement and its hydrates and, in several systems these "nano-effects" determine all the "macroscale" properties that are usually measured 1 . On the basis of recent molecular simulation and experimental studies, possible strategies for tuning the mechanical properties of cementitious materials by modifying the bonding scheme in the hydrates at molecular level are being discussed 2 . On ceramic tile systems it is not different. The overall result of adherence between ceramic tiles and polymer modified mortars could be explained considering the nano-order structure that is developed at the interface tile/mortar 3 . Latex modified Portland cement mortars based on poly(ethyleneco-vinyl acetate), EVA, is the standard product in the market for ceramic tile installation 4 . However, based on chemical features of EVA and ceramic tiles, predominantly the weak van der Waals forces are expected to be developed at the tile-polymer modified mortar interface. On the other hand, surface modification is generally performed to modify its properties such as enhancing the interface adhesion between inorganic and organic materials. In this sense, silane coupling agents have been used for generating a hybrid (organic-inorganic) layer onto substrates 5 . Until now, just few studies have been published in the literature that used silanes in systems based on Portland cement without polymer modification [6] [7] [8] [9] [10] [11] . These studies reported surfaces of fibers, silica fumed, and cenospheres being modified with silanes or organosilanes which were added in mortars and concretes during mixing. In all cases, it was observed an increase on mechanical properties, but the mechanism of interaction was not deeply investigated. More recently, it was identified the possibility of developing strong bonds between some organosilanes and cement through covalent bonds [12] [13] [14] . Moreover, when considering EVA interaction with organosilanes, limited content of researches have been published and minor improvement on adherence was actually achieved 15, 16 . The possibility of bonding improvement at the interface between ceramic tiles and polymer modified mortars (PMM) is decisive for assuring stability to the adhered method as a reliable choice in ceramic tile installation. For this reason, in the last years, around the world, the lack of confidence has raised the concern from ceramic tiles and mortar industries with an overall result of reduction on the industrial growth and, indirectly, it has an adverse impact upon all manufactures, merchants and installers [17] [18] [19] . Besides that, when evaluating ceramic tile systems failures, adhesive rupture between cladding and modified mortar was observed in 84% of the buildings 20 . This value is not totally surprising when considering that the modeling of ceramic tile coverings behavior reveals the highest shear stresses in tile/tile bed interface, mostly related to stresses caused by moisture expansion or thermal movements 21 . Hence, the main goal of this work was to promote a novel chemical functionalization of ceramic tiles surfaces by modifying with trialkoxysilanes coupling agents to generate an organic layer onto inorganic tile in order to enhance the interface adhesion between tile and polymer modified mortar.
Experimental Procedure

Tiles surface modification
Soda-lime glass tiles (SiO 2 ≈ 70 wt. (%); Na 2 O ≈ 15 wt. (%); CaO ≈ 10 wt. (%)) with dimensions of 50 x 50 mm were selected to be used as template for modeling the effect of silane modification in the adherence between EVA modified mortar and silane modified tile. This choice was based on the chemical similarity of glass tile compared to ceramic tile associated with the vitreous phase and composition for mimetizing inorganic substrate properties.
Glass tile surfaces were prepared with five silane derivatives bearing specific functionalities. Amino (-NH 2 ), mercapto (-SH), vinyl (-CH = CH 2 ), methacrylic (CH 2 = C(CH 3 )COO-), and isocyanate (-N = C = O) groups were chosen as reactive groups of coupling agents (Table 1) for evaluating their relative compatibility with the EVA mortar. The silanes were supplied by Sigma-Aldrich. Glass tile without any chemical modification (as supplied) was used as reference.
Prior to silane reaction, glass tile surface impurities were fully removed by immersion in 20% nitric acid for 2 hours, followed by deionized water (DI) rinse. After that, tiles were overnight dipped in DI water and air dried.
Hydroxylation (-OH) was conducted by soaking tile samples in a 70:30 mixture of deionized water: 30% hydrogen peroxide (H 2 O 2 ) for 45 minutes at about 70 °C. Then, 5 mL of NH 4 OH (conc.) were dropped for each 100 mL of the H 2 O:H 2 O 2 solution. After cooling, glass tile was rinsed in DI water and then dried in methanol. This increase of hydroxyl concentration is usually recommended and performed before silane application. This process enhances the density of available sites for silane reaction, improving surface modification process. Hydroxyl functionalization of glass results in the increase of silanol groups (Si-OH) at tile surface related to the reaction of silicon incomplete bonds minimizing free energy. The effect of this hydrophilic chemical functionalization with silanol groups in the adherence between EVA modified mortar and glass tile was also evaluated.
Silane modification procedure was conducted by dropping 500 μL of alkoxysilane onto glass surface followed by spreading out using a sliding method with another glass tile. This silane layer was cured for 2 hours inside a water vapor chamber to ensure that hydrolysis and condensation reactions have occurred. After that, the tiles were rinsed with methanol to remove remaining unbounded silane from glass surface.
The process of surface tile modification is summarized in Figure 1 .
Hydrophobic/hydrophilic behavior via contact angle measurement
The influence of surface functionalization on the hydrophilic/ hydrophobic behavior of glass tile was estimated via contact angle measurements that were carried out by depositing 50 μL DI water (18.0 MΩ) droplets on the glass tiles. The apparatus used for measurements was a digital camera Sony DSC-W30 with digital image analysis software.
FTIR characterization
FTIR was used to characterize the presence of organic chemical groups at the surface of inorganic glass tiles, reflecting the effectiveness of the developed procedure for chemical functionalization. Transmission technique was used (FTIR Spectrum 1000, Perkin Elmer) within the range between 4000 and 2700 cm -1 . This range was chosen because it contains most important peaks of -CH stretching Table 1 . Organosilanes surface modifiers.
Reagent
Chemical formula Chemical structure Functional group Spacer Trialkoxy
without overlapping with glass characteristic peaks. Each spectrum was recorded with resolution of 2 cm -1 with a total of 32 scans.
Mortar preparation, tile application, and pull-off test
Portland cement type CPII-F 32 (Cimento Cauê) according to Brazilian Standard NBR 11578/91 was used to prepare the mortars. The composition and properties of the cement are summarized in Table 2 . A commercial EVA redispersible powder (Wacker Chemie) was selected, with characteristics as presented in Table 3 .
Cement: sand ratio of 1:1.7 was used to prepare the mortar (in weight basis). The water/cement ratio was 0.60 and the polymer/cement ratio was 10%. The mortar was manually mixed for 3 minutes and then it was let to rest for 10 minutes covered by a humid cloth, followed by 1 minute of mixing before use.
A single layer of cement mortar with average thickness of 6 mm was applied on the surface of a concrete substrate (Brazilian Standard NBR 14082/04, water absorption less than 0.5 cm 3 and with more than 28 days of age). After five minutes of mortar application, unmodified and modified tiles were positioned over the mortar, followed by positioning a load of 10 Pa for 60 seconds on the top to promote even mortar spreading and penetration into surface roughness. Concrete substrates were placed in a chamber of controlled moisture and 6.0 CaCO 3 9.8 temperature (T = (25 ± 5)°C and RH > 90%) for 10 days followed by curing at laboratory environment conditions (T = (25 ± 5)°C and RH = (70 ± 10)%) for 14 days before pull-off tests. Pull-off assays were performed following the procedures described in the Brazilian Standard NBR 14084/04 test method, allowing the determination of adhesion in tension (also named bond strength) of the tiles to the substrate. One day before the completion of the curing period, metallic pull head plates were glued onto the glass tiles using epoxy adhesive. After 24 hours of storage, each of these metallic plates was connected to the test machine for the direct pull-off tensile test (Figure 2) . The bond strength of the specimens was calculated by dividing the maximum load (the load carried by the specimens at failure, F), by the area of the bonded surface (A), as shown in Equation 1. For each value, five measurements were always done. 
After the adhesion tests, the cross-sections of the specimens were observed for failure modes analysis, which were classified into the following three types: cohesive failure in polymer-modified mortar, adhesive failure at the interface tile/polymer-modified mortar, and to a combined mode interfacial-cohesive of the mortar ( Figure 7) . As a matter of fact, for all tested surface chemical modifiers, except for vinylsilane, an increase of the bond strength was observed.
Adhesion mechanisms
When comparing reference glass tile and tile modified with silanol groups (Si-OH), the improvement of bond strength of the mortar to the tile may be associated with the increase of density of hydrogen bonds between these groups introduced by chemical modification and the hydroxyl groups from EVA polymer ( Figure 8 ). As previously reported for other polymeric systems 3, 27 , an increase of adhesion between tiles and polymer modified mortar was explained by the formation of a hybrid interface ceramic-polymer-ceramic based on hydrogen bonds. As shown in Figure 9 , polymers with hydroxyl side groups can act as chemical crosslinker agent between silanol from tile surface and water interlayer from nanostructured C-S-H of hydrated cement.
It is interesting to note that EVA latex does not contain readily available -OH groups but they are formed due the alkaline hydrolysis cohesive failure in concrete substrate. Two or more modes can happen simultaneously resulting on a combined effect.
Results and Discussion
Glass tile characterization
Contact angle measurements indicated a significant difference on the hydrophilic behavior of the reference glass tile compared to those silane modified tiles. The dependence of contact angle with different chemical group can be observed in Figure 3 . These values are in agreement with literature 5, 22, 23 and with the critical superficial tension (γ) of the modified surfaces 24, 25 ( Figure 4 ). The trend regarding to contact angle values was found to be crescent in the following order: Mercapto < Methacryloxy < Isocyanate < Amino < Vinyl, as expected in terms of the increase on the hydrophobic nature of this sequence of organosilanes. The opposite tendency (hydrophilic) was observed for hydroxyl (Si-OH) modified surface when compared to the reference (unmodified) glass tile. It is noteworthy the relative high contact angle value reached with aminopropylsilane sample, despite of the presence of a high polar amine end group. This result is attributed to the configuration of this silane at the surface which is assumed to bend and orient its polar NH 2 head toward the surface, driven by the formation of strong hydrogen bonds with the glass tile hydroxyl groups. Such configuration would leave ethylene sequences exposed at the surface, thus providing the hydrophobic character assessed through the contact angle 23, 26 . In Figure 5 , FTIR spectra of glass tiles modified with trialkoxysilanes are shown. It can be verified the presence of the -CH stretching vibration bands (2850-3000 cm -1 ) introduced by the organic functionalization of the glass surface by all silanes precursors. Therefore, the proposed procedures have proven to be effective on producing chemically modified surfaces with different functionalities on the inorganic substrate. Silanes have totally masked the glass tile hydroxyl groups and imposed their own surface properties. These findings are of paramount importance when considering that the adhesion phenomenon is mainly a consequence of forces acting at the tile-mortar interface. Therefore, as different chemical moieties are immobilized at the ceramic surface, the polymer organic chains from mortar will be impelled to a more stable tri-dimensional configuration. That overall behavior was evaluated by mechanical adhesion test. Figure 6a shows the influence of the surface modification on the bond strength of mortars and Figure 6b indicates the variation of bond strength due to surface modification.
Bond strength test (pull-off results)
Statistical analysis of bond strength results indicated a significant increase of adherence for glass tile modified with mercaptosilane (95% of confidence). For this functional group (-SH) we have also verified an important change of rupture mode from mostly interfacial failure of vinyl acetate sequences in the high pH medium characteristic of cement mortar [28] [29] [30] . Due to saponification (Figure 10 ), acetate radicals from PVAc (poly(vinyl acetate)) are partially or completely replaced by hydroxyl groups resulting in poly(vinyl alcohol) (PVA) sequences, with pendant -OH groups, with the polyethylene sequences remaining unaltered 28 . The rate of hydrolysis of VAc groups in the mortars can be indirectly evaluated through the FTIR spectra of Portland ce-3300 3200 3100 3000 2900 2800 2700 ment pastes modified with EVA at different ages 29 . In Figure 11 , it is showed the spectra obtained from pure EVA polymer, reference paste without EVA e EVA modified pastes (p/c = 10%) with ages of 28 days and 150 days. FTIR spectrum of pure EVA (Figure 11b ) revealed a strong band from carbonyl group (C = O) at ν = 1720-1740 cm -1 and a band associated with C-O at 1242 cm -1 [28, 30] . Both are characteristic of PVAc sequences and do not overlap with cement paste peaks (Figure 11a ). These bands were relatively reduced (28 days) or even disappeared (150 days) in the cement paste modified with EVA. This was followed by the appearance of a peak at 1550 cm -1 related to the carboxylate group (-COO -), a product of desacetylation reaction 30 . All these events are evidences of EVA hydrolysis with formation of -OH groups in the polymer chain.
When considering organosilane modified glass tiles, the higher bond strength observed compared to the reference sample can be attributed to the hydrophobic interaction of the propyl spacer from these silanes and the EVA ethylene sequences. The vinylsilane lacks of propyl spacer which is expected to reduce the degree of freedom on reaching a more stable tri-dimensional conformation at polymer interface. In addition, the unsaturated double bond with sp 2 hybridization and planar structure significantly reduces hydrophobic interactions possibilities.
For mercaptosilanes and aminosilanes, in addition to the hydrophobic interactions, covalent bonds between alkoxy-derived and calcium silicate hydrates (C-S-H) are likely to occur in some extent, increasing bond strength and leading to a cohesive rupture of mortar, as it could be observed in Figure 7 . Minet et al. 13 and Franceschini et al. 14 have shown the incorporation of organic groups from alkoxysilanes in calcium silicate hydrates in alkaline media at room temperature without disrupting the C-S-H inorganic framework. These results were obtained for very small organic groups, like amines (-NH 2 ). For larger-sized or for highly hydrophobic organic groups, like vinyl, phase separation have occurred. Figure 12 summarizes the interactions between mercaptosilanes and EVA film.
Conclusions
The innovative method proposed for organosilane reaction at tile surface was efficient to make organically functionalized glass tiles as measured by contact angle and FTIR assays. All surface modifiers, except vinylsilane, have improved adherence between tile and polymer modified mortar, in some cases changing the mode of rupture from interfacial to a combined mode interfacial-cohesive at mortar. The enhancement on stability and interface adhesion was achieved by the development of hydrophilic, hydrophobic and even covalent bonds, besides the weak van der Waals forces, between EVA mortar and glass tile modified surface as a consequence of the effect 
